Objectives-Leukocyte migration through venular walls is a fundamental event during inflammation, but many aspects of this response, including the mechanisms associated with leukocyte migration through the vascular basement membrane (BM) in vivo, are poorly understood. Here we investigated and compared the means by which neutrophils and monocytes migrate through the venular BM. Specifically, as we have previously reported on the existence of neutrophil permissive sites (termed matrix protein low expression regions; LERs) within the venular BM, we have now investigated the role of these sites in monocyte transmigration in vivo. Methods and Results-Analysis of CCL2-stimulated mouse cremaster muscles by immunofluorescent staining and confocal microscopy demonstrated that both neutrophils and monocytes use LERs for penetrating venular walls, but independent and distinct mechanisms are used by the 2 cell types. Collectively, (1) neutrophil but not monocyte transmigration led to enlargement of LERs, (2) monocytes showed a greater extent of deformability in migrating through the venular BM, and (3) only extravasated neutrophils were associated with the carriage of laminin fragments. Conclusions-The findings provide novel insights into mechanisms of leukocyte transmigration by presenting the first in vivo evidence for distinct modes used by neutrophils and monocytes in penetrating the vascular BM. (Arterioscler
M igration of leukocytes from the circulation into the surrounding tissue plays a key role in host defense but can also contribute to the pathogenesis of inflammatory disorders. 1 This response is mediated by a cascade of complex molecular and cellular events that have collectively been termed and investigated as the leukocyte adhesion cascade. 2 There is a growing understanding of the mechanisms that mediate leukocyte responses within the vascular compartment, but less is known about the subsequent steps that mediate and regulate leukocyte migration through venular walls. 2 The principal reason for the relatively slow progress in this aspect of the field is the complex nature of the vessel wall that cannot be accurately modeled and studied in vitro. Specifically, the venular wall is composed of 2 cellular components (endothelial cells and pericytes) and a noncellular specialized extracellular matrix barrier that surrounds blood vessels, the vascular basement membrane (BM). Endothelial cells (ECs) act as the first barrier for emigrating leukocytes, and although there is evidence for leukocyte transendothelial cell migration to occur via paracellular and transcellular routes, [3] [4] [5] the former is the principal mode of crossing this barrier. 2 In contrast to ECs, pericytes present a discontinuous cellular layer within venular walls, 6 and there is in vivo evidence for leukocyte penetration of the pericyte sheath through gaps between nearby cells 7 but also via a transcellular route. 5 Pericytes are embedded within the vascular BM and together with ECs contribute to the generation of this structure. The vascular BM is a tightly packed network of extracellular matrix proteins, primarily collagen IV and laminins (laminin-8/10), interconnected by other glycoproteins such as perlecan and nidogens. 8 The vascular BM provides a distinct and formidable barrier to emigrating leukocytes, but the mechanisms by which it is breached at sites of inflammation remains poorly understood.
Leukocytes have the ability to degrade and to interact with components of the venular BM via their range of proteases and specific integrins (eg, ␤ 1 integrins), and there is much in vitro evidence suggesting the involvement of such molecular interactions in leukocyte migration through the BM. 9 Although the role of leukocyte proteases in this response remains contentious, 10 there are now a number of in vivo studies to support the idea of a role for proteases in leukocyte penetration of the BM. 7, 11 Despite these findings, there is no in vivo evidence for long-term damage or compromising of the vascular wall at sites of inflammation, suggesting that the potential role of a proteolytic event is to facilitate leukocyte transmigration as mediated by other mechanisms, possibly governed by the nature of the vascular wall itself. In this context we have previously reported on the existence of regions of low matrix protein deposition (termed low expression regions or LERs) in the vascular BM of postcapillary venules of unstimulated mouse cremaster muscle. 7 These regions were found in the networks of certain venular BM components (laminins and collagen IV) where they exhibited ϷϽ60% deposition of protein as compared to the average level found in the venular wall. LERs were on average Ϸ9 m 2 in area and were directly aligned with gaps between adjacent pericytes. Importantly, these sites acted as "gates" for infiltrating neutrophils and were transiently remodeled during neutrophil transmigration. To extend these significant findings we have now investigated the ability of monocytes, as compared to neutrophils, in penetrating the vascular BM via LERs and have found that although both these leukocyte subtypes preferentially use LERs for breaching the vascular BM, they use different and independent mechanisms. Briefly, the results indicate that although neutrophil migration leads to enlargement of LERs, monocyte migration occurs in the absence of BM remodeling apparently through the greater ability of this cell type to exhibit shape-change and deformability. Collectively, the findings of this study provide the first in vivo evidence for distinct mechanisms used by different leukocyte subtypes in penetrating the vascular BM.
Materials and Methods
To elucidate mechanisms of neutrophil and monocyte migration through the vascular BM, cremasteric muscles of CX 3 CR1 eGFP/ϩ mice expressing endogenously fluorescent monocytes 12 were stimulated with CCL2, LTB 4 or LPS. At the end of the in vivo test-period, tissues were collected, fixed and immunostained for components of the vessel wall (eg, the vascular BM) and neutrophils, as previously described. 7 Tissues were subsequently analyzed by confocal microscopy and 3D reconstructions of vessels were performed using 3D imaging software to both localize the position of the leukocytes relative to the BM and to characterize the profile of venular BM (eg, the size of LERs). 7 A full description of the methods used is available as part of the supplemental materials (available online at http://atvb.ahajournals.org).
Results

Monocyte Migration Induced by CCL2 Occurs Through the Vascular BM LERs but Does Not Induce Their Remodeling
We have previously reported on the ability of neutrophils to use permissive regions characterized by low levels of laminin-10 and collagen IV (termed LERs) within the BM of mouse cremasteric venules in penetrating the vascular wall. 7 To extend these findings to other leukocyte subtypes we have now investigated the role and regulation of expression of LERs in monocyte transmigration. For this purpose we studied leukocyte transmigration as elicited by topically applied CCL2 using the mouse strain CX 3 CR1 eGFP/ϩ that exhibit endogenously eGFP-labeled monocytes. 12 After 1 to 4 hours, tissues were removed and whole mount immunostained with antibodies against MRP14 (used as a neutrophil marker) and laminin-␣5 chain (Lm␣5, marker for the venular BM) that enabled analysis of neutrophil and monocyte interactions with the venular BM. Of interest, topical application of CCL2 induced the transmigration of both neutrophils and monocytes ( Figure 1A ) in a timedependent manner with a greater number of neutrophils accumulating within the first 2 hour postapplication of CCL2 ( Figure 1B ). The number of transmigrated neutrophils and monocytes were however almost identical at the 4-hour time-point. This noted difference in the kinetics of neutrophil and monocyte migration at the earlier timepoints appeared to be a reflection of the number of these leukocyte subtypes found in circulating blood (ie, 13.7Ϯ1.1% and 4.5Ϯ0.8% for neutrophils and inflammatory monocytes, respectively). When corrected for this monocyte/neutrophil ratio, transmigration of these cells were identical in the first 2 hours postapplication of CCL2, with monocyte transmigration being greater at the 4-hour time-point ( Figure 1B , inset). Furthermore, although neutrophils were found at the vessel wall in clusters ("hot spot"; indicated by circles in Figure 1A ), transmigrating monocytes appeared to be randomly positioned. Analysis of the relative intensity of the eGFP signal showed that Ͼ92% of the transmigrated monocytes exhibited the characteristics of the inflammatory subpopulation (ie, Gr1 ϩ CCR2 ϩ CX 3 CR1 low ). 13 Investigation of venular cross-sections demonstrated that transmigrating neutrophils and monocytes can penetrate the venular BM by migrating through LERs ( Figure  1C ). CCL2 also induced a time-dependent remodeling of the Lm␣5 LERs ( Figure 1D ), a response that was directly associated with the kinetics of neutrophil but not monocyte migration. Indeed, when animals were treated with an antineutrophil-depleting antibody before CCL2-stimulation, neutrophil transmigration was completely inhibited but the monocyte numbers in blood (not shown) or in the tissue postapplication of CCL2 ( Figure 2A ) were unaltered. In contrast, the remodeling of Lm␣5 LERs in CCL2-stimulated tissues was completely abolished in neutrophil-depleted animals, but this effect did not alter the ability of monocytes to use LERs for penetrating the BM ( Figure 2B) . Collectively these results demonstrate that in the present CCL2-driven reaction, Lm␣5 LER remodeling is strictly neutrophildependant and that monocytes can penetrate the vascular BM independently of neutrophils and without the need to remodel the BM.
Monocytes Transmigrate Through LERs via Formation of Membrane Protrusions and Deformation of Their Cell Body In Vivo
As monocyte transmigration through the BM did not lead to enlargement of LERs, we sought to further investigate the mechanism by which these cells penetrate the venular BM by studying the morphology of transmigrating monocytes. Using the methods detailed above, observation of 3D reconstructed images of venules from CCL2-stimulated tissues identified monocytes at multiple stages of their emigration through the vascular BM ( Figure 3A and supplemental Video I), ie, flattened under/within the BM (position 1 in Figure 3A and 3C), showing small "investigating" protrusions within the BM and directed toward the extravascular space (position 2 in Figure 3A and 3C) and finally, exhibiting larger ("body") protrusions at a more advanced stage of their migration through the BM (Ͼ1/3 of the cell body outside the BM; position 3 in Figure  3A and 3C). Analysis of the protrusions indicated that investigating protrusions were of an average diameter of 1.97Ϯ0.10 m and height of 4.78Ϯ0.41 m which increased to protrusions of an average diameter of 3.27Ϯ0.19 m at a more advanced stage of their emigration, ie, when almost fully through the BM. Of importance, almost all monocytes observed migrating through the BM were associated with an LER, the size of these regions generally being smaller than LERs remodeled postneutrophil transmigration ( Figure 3A , middle panels; results not shown). Our results also indicated the ability of monocyte nuclei to squeeze through LERs ( Figure 3B ) with a diameter of 1.79Ϯ0.19 m. Together these findings indicate that the preferred mechanism for monocytes to penetrate the vascular BM involves "squeezing" through small vulnerable regions, such as LERs.
Neutrophil Migration Through Venular BM In Vivo Is Also Associated With Formation of Protrusions but to a Lesser Extent to That Observed With Monocytes
To directly compare the morphological changes exhibited by monocytes and neutrophils, neutrophil shape-change was analyzed in multiple inflammatory reactions, ie, as induced by CCL2, LTB 4 , and LPS. As found with monocytes (and using the techniques detailed above), analysis of CCL2-stimulated tissues by confocal microscopy showed neutrophils in different stages of their emigration through the vascular BM. Specifically, neutrophils were seen flattened under/within the BM (arrow in Figure 4A ) and also exhibiting protrusions (circle, Figure 4A ). The profile of protrusions exhibited by neutrophils penetrating the vascular BM was however different from that seen with monocytes. Specifically, the early "investigating" protrusions exhibited by neutrophils had a diameter of 2.93Ϯ0.27 m (32.7% bigger than that observed with monocytes, PϽ0.01), whereas later-stage cell "body" protrusions showed a diameter of 3.97Ϯ0.34 m (17.6% bigger than that observed with monocytes, PϽ0.05). Furthermore, a significantly greater percentage of monocytes within the vascular BM showed protrusions (53.7Ϯ7.2% and 19.2Ϯ10.3%, monocytes and neutrophils, respectively, PϽ0.01).
Remarkably similar results were obtained when leukocyte migration through cremasteric venules was analyzed in tissues stimulated by 2 other stimuli, LTB 4 and LPS. LTB 4 , a highly potent neutrophil chemoattractant, induced a large neutrophil migration response ( Figure 4B ), but within the in vivo time period investigated (2 hours) did not cause monocyte infiltration (not shown). In LPSstimulated tissues (6 hours) both neutrophil and monocyte migration were noted ( Figure 4C ). These reactions were both associated with enlargement of LERs (not shown) and also formation of cellular protrusions during leukocyte migration through the BM ( Figure 4B and 4C, bottom panels), in line with the findings in CCL2-stimulated tissues. Detailed analysis of the characteristics of cell protrusions in these 3 different inflammatory reactions demonstrated that although both leukocyte subtypes exhibited "investigative" and "body" protrusions, neutrophil investigative protrusions were consistently larger in diameter than that observed for monocytes ( Figure 4D ). At the more advanced stage of their migration through the BM, neutrophils also showed a trend toward forming larger body protrusions than that noted for monocytes (data not shown). Finally, similarly to the CCL2-induced reaction, in LPS-stimulated tissues a significantly greater percentage of monocytes penetrating the vascular BM showed protrusions (76.6Ϯ6.0% and 47.7Ϯ8.1%, for monocytes and neutrophils, respectively, PϽ0.01) and in the LTB 4 induced reaction, only 32.4Ϯ7.3% of neutrophils exhibited protrusions. The formation of protrusions by both leukocyte subtypes during their emigration through the BM in vivo was confirmed in an in vitro transwell assay using inhibitors of actin G polymerization (latrunculin B) and of myosin-II contraction (blebbistatin) (supplemental Result I). Collectively the results indicate that although neutrophils can also exhibit protrusions at the level of the vascular BM in vivo, their shape and frequency is significantly different from that observed with monocytes.
Transmigrated Neutrophils but not Monocytes Are Laminin-Positive In Vivo
Because in CCL2-stimulated tissues, the remodeling of LERs in the vascular BM is entirely neutrophil-dependent (Figure 2A) , we sought to investigate the potential mechanisms for this response. As previously described with IL-1␤, 7 analysis of CCL2-stimulated cremaster muscles indicated that a large percentage of transmigrated neutrophils were Lm␣5-positive (87.0Ϯ3.4% at 2 hours poststimulation). In contrast, no laminin-positive transmigrated monocytes were detected in tissues stimulated with CCL2 ( Figure 5A ). These results suggested the involvement of a neutrophil-specific proteolytic event, and based on our previous findings, 7,11 the potential role of neutrophil elastase in this reaction was investigated. Intravenous pretreatment of animals with a specific inhibitor of neutrophil elastase (NE), ONO-5046, led to a significant inhibition of CCL2-induced neutrophil migration and LER remodeling (71% and 54% reduction, respectively) but had no effect The inhibitory effect of ONO-5046 on neutrophil migration (but not monocyte migration) through small permissive regions in vivo was confirmed in an in vitro transwell assay (supplemental Result II). Of interest, an inhibitor of MMP-2/MMP-9 had no effect on CCL2-induced neutrophil or monocyte transmigration in vivo but significantly suppressed neutrophil migration in TNF␣-stimulated tissues (supplemental Result III), suggesting that the role of specific proteases in neutrophil transmigration in vivo is governed by the inflammatory stimulus. Collectively the present findings suggest that neutrophil, but not monocyte, migration through the vascular BM involves a proteasedependent carriage of BM components.
Discussion
The difficulties associated with creating physiologically relevant in vitro models of venular walls have been instrumental in the relatively slow progress in our understanding of the mechanisms of leukocyte migration through this complex structure. This is particularly relevant with respect to the mechanisms by which leukocytes migrate through the vascular basement membrane, a specialized and vital matrix protein component of vessel wall. 14 To enable us to study the process of leukocyte migration through the vascular BM in vivo, we have developed an experimental approach that allows 3D analysis of the vascular BM in intact whole mounted tissues as investigated by immunofluorescent staining and confocal microscopy. 7, 11 Using this approach we identified for the first time regions within the BM of mouse cremasteric venules where the expression of certain matrix proteins was lower than the average venular level, sites that have been termed low expression regions (LERs). Of importance, these sites appeared to act as "gates" for emigrating neutrophils and were remodeled by transmigrating neutrophils in response to IL-1␤. 7 To extend these significant findings we have now investigated the involvement of these regions in transmigration of monocytes as compared to neutrophils.
To investigate the potential role of LERs in monocyte transmigration, leukocyte migration in CCL2-stimulated mouse cremasteric venules was analyzed. CCL2 is a potent chemoattractant for inflammatory monocytes, cells that express high levels of the principal CCL2 receptor CCR2 on their cell surface. 15 Of interest, in the murine system, topically applied CCL2 induced a time-dependent transmigration of both monocytes and neutrophils, a finding that is in line with the reported expression of CCR2 on murine neutrophils 16 (data not shown). Analysis of the vascular BM in CCL2-stimulated cremaster muscles indicated a time-dependent remodeling of LERs. Furthermore, as found with neutrophils, monocytes used LERs for emigrating through venular BM. As a number of studies have suggested that neutrophils can pave the way for subsequent monocyte migration, 17 the ability of CCL2 to induce both neutrophil and monocyte migration enabled us to investigate whether neutrophil-mediated remodeling of the BM facilitated monocyte infiltration. Although depleting the mice of their circulating neutrophils had no effect on monocyte infiltration, it totally inhibited the remodeling of the BM noted in CCL2-stimulated tissues. Under these conditions the percentage of monocytes that transmigrated through LERs was unaltered, suggesting that monocyte migration through permissive regions within the vascular BM does not involve remodeling of these sites and can occur independently of neutrophils, a finding which is in accordance with other reports. 18 The neutrophilindependent migration of monocytes was also supported by the fact that transmigrating monocytes were found randomly positioned within the vessel wall and often associated with small LERs (ie, similar size to LERs that had not been remodeled). In contrast, neutrophils were often found at the vessel wall in clusters, transmigrating at specific sites ("hot-spots") that were distinct from regions of monocyte emigration. Collectively the profile and kinetics of the present results demonstrate that monocyte migration can occur independently of neutrophils and vice versa, but they do not rule out the possibility that under certain inflammatory conditions monocyte migration may be facilitated by neutrophils or that neutrophil migration may be aided through monocyte emigration.
To gain further insight into the mechanism by which monocytes penetrate the vascular BM, detailed analysis of monocyte morphology during their emigration through LERs was performed. CCL2-elicited transmigrating monocytes were seen to exhibit small protrusions within the BM at an early stage of their emigration through the vascular BM. Similar results were noted in LPS-stimulated tissues. Because of similarities in their shape/size and localization, these protrusions could be related to the membrane invaginations and invasive protrusions described previously during leukocyte migration through endothelial cells 3, 4 but also during cell motility at the interface with matrix proteins. 19 -21 The observed early expression of membrane protrusions at the level of the BM could therefore be a mechanism by which monocytes detect permissive regions within the BM such as LERs. Whether these protrusions act as a means of presenting adhesive or proteolytic molecules to the BM requires further investigations. However, the fact that monocyte migration is not associated with remodeling of the BM and was not suppressed by an MMP-2/MMP-9 inhibitor argues against a proteolytic event in this response.
Neutrophils are well known for their ability to squeeze through narrow regions (eg, capillaries) and in our studies exhibited significant protrusions and shape-change at the level of the vascular BM in vivo in multiple inflammatory reactions (CCL2, LPS, and LTB 4 ). The frequency and profile of neutrophil protrusions was however significantly different to that observed for monocytes. Specifically, in all reactions investigated, percentage of neutrophils showing protrusions was on average Ϸ2-fold less than that noted for monocytes and neutrophils characteristically showed investigative protrusions with significantly bigger diameters. The apparently less invasive profile of neutrophil shape change at the level of the vascular BM suggests that neutrophils may use complementary mechanisms to facilitate their migration through this barrier. In this context, transmigrated neutrophils but not monocytes were found to be laminin-positive in the extravascular tissue, indicating that neutrophil but not monocyte transmigration involves proteolytic cleavage or carriage of BM-derived laminin fragments. Indeed in line with our previous findings where neutrophil migration in response to IL-1␤ and LTB 4 was suppressed by a specific neutrophil elastase (NE) inhibitor, 7, 22 CCL2-induced neutrophil emigration also appeared to be NE-dependent. In addition, pretreatment of mice with an NE inhibitor suppressed CCL2-induced remodeling of LERs without affecting monocyte infiltration. Taken together our data suggest that although monocyte migration through the vascular BM can occur through the ability of these cells to squeeze through small permissive sites (ie, LERs), neutrophil migration through the BM is facilitated by neutrophil-derived NE, thus overriding a need for neutrophils to develop multiple or smaller invasive protrusions ( Figure 5C ).
In conclusion, the present study demonstrates small permissive regions within the vascular BM termed LERs are used as the preferred sites by both emigrating neutrophils and monocytes in penetrating the venular wall. However, although neutrophil migration leads to remodeling of these sites, monocyte migration is strongly governed by the deformability of these cells. Indeed, monocytes exhibited significantly more invasive morphological changes in vivo suggesting that the principal mechanism by which they migrate through the vascular BM is by "squeezing" through small permissive sites. These findings shed much light on the mechanisms of leukocyte migration through the venular BM and provide the first line of in vivo evidence for distinct modes used by different leukocyte subtypes in penetrating this critical vascular structure. 
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